INTRODUCTION
Recently phononic crystal slabs [1] [2] [3] [4] [5] and devices such as waveguides [2, 4] and cavities [6] have been demonstrated in the very high frequency (VHF) band (30-300 MHz). Phononic crystal devices are of interests for applications [4] in RF communications, acoustic imaging, acoustic isolation and liquid sensing [7] . While VHF phononic crystals have communications applications in oscillators and intermediate frequency (IF) filters, in order to be widely applied to RF signal processing, phononic crystal devices must be scaled to relevant consumer wireless communication frequencies spanning from 850 MHz to 2 GHz, which includes the GSM, CDMA and GPS bands. In this paper we report phononic crystal slabs centered at 943 MHz with bandgap widths of 416 MHz, wide enough to cover both the GSM-850 and GSM-900 wireless communication bands. Waveguides realized by placing defects in these phononic crystal slabs are also reported with propagating modes measured at 780 and 1060 MHz.
II. PHONONIC CRYSTAL DEVICE DESCRIPTION
Shown in Figure 1 are scanning electron microscope (SEM) images of an ultra high frequency (UHF) W/SiO 2 phononic crystal slab fabricated using the process reported in [2] . Figure  1 A) shows an image of the full phononic crystal slab device including the chirped AlN piezoelectric couplers. Careful inspection reveals that the pitch and width of the top metal electrodes on the AlN couplers varies across the device. This widens the coupler bandwidth and allows the entire frequency span of the phononic crystal to be characterized using 14 couplers designed for slightly different frequency spans similar to the technique reported in [3] . systematically vary the inclusion diameter and filling fraction do not adversely impact performance.
III. EXPERIMENTAL RESULTS
To characterize the phononic crystal, 14 chirped AlN couplers were designed to continuously cover the 700 MHz to 2 GHz frequency range. Each of these couplers was connected to a phononic crystal slab as shown in Figure 1 A) and to a suspended SiO 2 membrane that is identical to the slab in Figure 1 A) except that no phononic crystal is included between the couplers. This device, containing just a SiO 2 membrane between two chirped AlN couplers is hereafter referred to as the matrix. The transmission between the couplers was measured for the 14 matrix/coupler pairs and a composite matrix response was formed as described in [3] [4] . The transmission was then measured for the 14 phononic crystal/coupler pairs and was normalized to the matrix by dividing the phononic crystal response by the matrix response to remove the effect of the couplers [1] [2] [3] [4] [5] . The normalized phononic crystal response is shown in Figure 2 along with the response predicted by finite difference time domain (FDTD) modeling [8] . The measured bandgap is centered at 943 MHz and has a maximum depth of 35 dB. The bandgap width is 416 MHz or 44% of the bandgap center frequency. Utilizing solid/solid phononic crystals and eliminating the release holes required at VHF frequencies [8] results in a bandgap width-tocenter-frequency ratio twice that previously reported for microscale phononic crystal slabs [1] [2] [3] [4] [5] 8] . The phononic crystal design reported here also prevents waveguiding around the phononic crystal, which placed a mode directly in the center of the bandgap for the device reported in [9] .
As can be seen in Figure 2 , the phononic bandgap is well predicted by the FDTD model except for the region between 600 and 700 MHz where the measured bandgap closes but the FDTD bandgap remains open. The high frequency closing of the bandgap is accurately modeled by FDTD as is much of the acoustic structure in this region. One important distinction between the FDTD model used here from that reported in [8] , is that the finite thickness of the slab is incorporated into the model. In this case the slab thickness, t, is 1.85 µm or 0.75 a, where a is the lattice constant. In general, we have found that including the slab thickness is vitally important for accurately predicting the bandgap center frequency, width and depth when t is on the order of a. We have also found that is it desirable that one of the two following conditions be met:
For thicknesses between a and 10a, thickness modes compromise the bandgap in what can no longer be considered a two dimensional phononic crystal. 
IV. PHONONIC CRYSTAL WAVEGUIDES
An optical image of a W1 waveguide, formed by removing 1 row W inclusions from the phononic crystal in Figure 1 , is shown in Figure 3 . The response of the W1 waveguide, measured using the normalization technique described above is shown in Figure 4 . The primary propagating mode is centered at 781 MHz and has a bandwidth of 2.5 MHz. The normalized insertion loss of the propagating mode is 0.1 or 10 dB. There are several other modes all with higher loss that are also seen to propagate within bandgap region.
An optical image of a W3 waveguide, formed by removing 3 rows of W inclusions from the phononic crystal in Figure 1 , is shown in Figure 5 . The propagating mode is between 1036 and 1055 MHz and has a minimum insertion loss of 14 dB. As expected, the bandwidth of the W3 waveguide is wider than that of the W1 waveguide. No additional modes are observed within the bandgap region for the W3 waveguide outside the immediate vicinity of the primary mode. Figure 6 . Measured response of the W3 waveguide in Figure 5 . The strongest guided mode is between 1036 and 1055 MHz.
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V. DISCUSSION
In order for phononic crystal devices to be widely applied in RF communications applications, the losses introduced by the devices must be negligible compared to that of the couplers, i.e. the normalized loss must approach 0 dB. This was the case for waveguides driven by slanted resonant couplers reported in [2, 4] . In these devices, on one side of the coupler was the phononic crystal, on the other side was a slanted air/coupler interface. In such a design, if the acoustic signal is not coupled into the waveguide on the 1 st pass, it is reflected by the crystal and the slanted air/coupler interface, where it is again incident on the waveguide or crystal. Given the high quality factors for SiO 2 , W, Al and AlN in the VHF frequency range (> 1000), many passes at coupling into the waveguide are possible before the signal is damped. The phononic crystal waveguides reported here as well as the cavities reported in [6] , both of which use a low reflecting coupler design (on one side of the coupler is the suspended phononic crystal, on the other side is a connection to the infinitely thick, lossy Si substrate), introduce significant additional loss. Such loss at an RF front-end will directly add to the noise figure of a receiver. Even in IF applications, additional gain and subsequent power consumption will be needed to overcome these losses. Further inspection of the W1 waveguide in Figure 4 reveals the likely source of loss for the UHF phononic crystal waveguides reported here. While the plane wave launched by the coupler has a width of approximately 98 µm, the W1 waveguide is only 4.7 µm wide at its narrowest width and is 5 µm wide at its opening. Thus, only about 5% of the power produced by the coupler is incident on the waveguide while the rest is reflected back toward the coupler by the phononic crystal. Small reflections at the interface between the coupler and suspended SiO 2 slab as well as reflections where the slab connects to the Si substrate, visible on the far right of Figure 1 A) , may eventually couple more energy into the W1 waveguide, but it is unlikely that a design such as that in Figure 3 could reach a normalized (comparing to a 108 µm wide matrix) transmission of 0 dB. Reducing the width of the coupler is one option. This, however, will reduce the coupler response and increase coupler insertion loss. Furthermore, if the crystal is only a few periods wide, a two-dimensional phononic crystal can not be realized. The optimum solution would be to develop an acoustic focusing device or coupler, where acoustic energy can be focused with low loss into a W1 waveguide. Once the acoustic energy in concentrated in a narrow waveguide, cavities and other signal processing devices can be formed.
VI. CONCLUSIONS
Phononic crystal slabs have been realized at ultra high frequencies covering the GSM-850 and GSM-900 wireless communication bands. The square lattice phononic crystals are realized by placing 1.4 µm diameter W rods in a 1.85 µm thick SiO 2 slab, with a W inclusion pitch of 2.5 µm. The resulting 18-period phononic crystal forms a complete phononic bandgap for acoustic waves propagating between 735 and 1152 MHz with up to 35 dB of acoustic rejection. This represents nearly an order of magnitude frequency scaling when compared to previously reported phononic crystals operating at VHF. The measured bandgap width of 44% is nearly twice as large as a fraction of center frequency, Δf/f, than the widest previously reported bandgaps realized in phononic crystal slabs. FDTD models incorporating slab thickness demonstrate good agreement with the measured phononic crystal response. W1 and W3 waveguides, formed by removing 1 and 3 rows of W inclusions form the phononic crystal have been presented with measured propagating modes at 780 and 1060 MHz. The normalized loss of these modes is greater than 10 dB resulting from poor coupling from the wide electro-acoustic transducers into the narrow waveguides.
